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FOREWORD

This is the final report issued under contract FO4611-69-C-0071 covering
the period 1 May 1969 through 31 July 1970, This contract was assigned
to Lockheed Propulsion Company, Redlands, California, and it was moni-
tored by Capt, Fred Clark, Air Force Rocket Propulsion Laboratory,
Edwards, California.

The technical effort under this program was conducted by Mr. Yuji Tajima
(Program Manager), Dr. James Hammond (Senior Investigator) within the
Chemistry Department (Dr. W. E. Baumgartner, Manager). Participating
technical personnel were Leo Asaoka and W. Allan (Propellant processing
and surveillance), G. Stapleton (Mass Thermal Analysis) and Dr. R. Plock
(Computer Programs),

This report has been reviewed and is approved: Charles Cooke, Chief
Rocket Motor Division.
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r ABSTRACT

The stability and the compatibility of PBEP and of PCDE were investigated

by Mass Thermal Analysis (MTA), propellant surveillance tests and measure-
ment of propellant gas generation rates, The tests served to determine which,
if any, of the purification procedures produced desirable gains in propellant
thermal stability and shelflife.

i With PBEP the products resulting from various column and solvent treatments
were evaluated, and the data show that specific purification procedures can
produce a product that is suitable for use in advanced propellants. With ]
PCDE the data imply that the presently emgloyed treatment does not as yet
produce an optimum product, and further refinements in the purification of
PCDE are expected to become reflected in further gains in propellant stability
and shelflife. However, propellant surveillance data show that even in its
present state of purity PCDE matches PBEP as regards stability in propellants.

-iii-
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SECTION 1

INTRODUCTION

(C) In an effort to increase the performance of solid propellants various
attempts were made to incorporate into the propellant materials (solids,
plasticizers, binders) containing the difluoramino (-NF2) group as an oxi-
dizer principle. These efforts resulted in the development and the more
extensive evaluation of two materials, namely tris-(bis-(difluoramino)vinoxy)
propane (TVOPA) and poly(l, 2-bis(difluoramino)2, 3-epoxy propane) (PBEP).
The former material is a liquid and used as a plasticizer, while the latter
material (PBEP) is a polymeric material that contains hydroxyl functionality
and that can be cured with isocyanates.

(C) Both materials are prepared by adding N2F4 across the olefin un-
saturation in a precursor. In the case of TVOPA, the precursor is trivinoxy
propane which is a specialty chemical; in the case of PBEP, the precursor is
dehydrohalogenated polyepichlorohydrin which is a readily available com-
mercial product. Since the two materials energetically are closely similar,
PBEP could have a potential cost advantage over TVOPA. However, this
advantage is somewhat offset by difficulties that were experienced in the puri-
fication of the final product. While 1'VOPA is a monomeric product that can
be purified by distillation and column treatments, the purity of PBEP must
largely be controlled by controlling the process conditions during N2 F4 addi-
tion to the unsaturated prepolymer. Additionally, various means of post-
treatment (solvent precipitation, column treatment, adsorption) were studied
in an effort to produce a chemically moreuniform and a thermally more
stable product. In support of these efforts Lockheed Propulsion Company
applied a Mass Thermal Analysis technique for the purpose of identifying
impurities and structural irregularities in the product., These efforts were
conducted under Air Force Contract FO4611-68-C-0079 (Ref 1) and resulted
in the conclusion that none of the methods of material purification used up to
that time were as yet adequate for producing a propellant grade material. At
the same time, however the data suggested that further improvements in the
processing or purification steps should be capable of producing a material
that would at least equal TVOPA in stability and enable better reproducibility
in the cure reaction.

(U) As a result of these studies a renewed effort between Lockheed Pro-
pulsion Company and Shell Development, the manufacturer of the material,
was initiated by the Air Force for the purpose of producing a material of
higher purity and uniformity,

-1-
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SECTION II

SUMMARY AND CONCLUSIONS

() PBEP samples that had been subjected to various purification pro-
cedures by the Shell Development Company were evaluated in propellants
(shelflife, gas generation rates) and by a mass thermal analysis technique
(compositional analysis, decomposition kinetics). In addition, a sample of
PBEP that had been converted to PCDE by pyridine treatment was evaluated
by the same techniques,.

(C) Propellant evaluation was conducted with aluminized and aluminum
hydride containing formulations using two-inch cracking cubes and elliptical
tube specimens to determine the effects of the varying treatments upon pro-
pellants shelflife at 50 and 60°C. Representative samples of the various
propellants were used to determine gas generation rates, and the off-gas
mixtures were analyzed by mass spectrometry.

u) The combine of data warrants the following conclusions:

(C) (1) Of the various non-destructive treatments, precipitation with
hexane affords the best material for propellant usage. This treatment removes
materials of comparatively low molecular weight that are produced either
during the synthesis steps or during subsequent handling or storage. Mass
thermal analysis (MTA) indicates that the hexane precipitate contains only a
minor weight fraction of materials that can be volatilized prior to the onset

of PBEP pyrolysis.

U) Of the alternative treatment methods, molecular sieve treat-
ment is rather ineffective, while Amberlyst and Norite treatment seem to
cause some degree of material degradation.

(C) (2) The chemical treatment of PBEP with pyridine which converts
the material into PCDE by dehydrofluorination of the primary NF2 group
produces a prepolymer that tends to retain methylene chloride solvent quite
strongly. The MTA data moreover show that pyridine treatment will not
remove some of the low molecular weight impurities, although it may render
these impurities chemically rather inert. Somewhat unexpectedly the data
also show that PBEP and PCDE produce comparable amounts of HF. The
latter indicates that in the thermal degradation of PBEP the reaction does
not proceed via the PCDE intermediate.

(C) In propellaat application PCDE equals or surpasses the hexane

precipitated PBEP in stability and compatibility, and further gains are likely
to be achieved by hexane precipitation of the pyridine treated material.

- 205
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(C) (3) Aluminized propellants containing hexane precipitated, mole-
cular sieve treated and pyridine treated PBEP did not fail within 100 days at
' 60°C while early failure occurred with the Amberlyst treated PBEP. In the

aluminum hydride formulation the hexane precipitated PBEP and PCDE
(pyridine treated PBEP) were superior; these samples failed after 40 days

at 60°C in the absence of gas scavengers, and after 75 days in the presence
of scavengers, By contrast the propellant samples containing the molecular
sieve and the Amberlyst treated materials failed during cure, or shortly
thereafter. At 50°C the AlHj propellants containing the hexane precipitated
PBEP and the PCDE showed no signs of cracking or swelling after 100 days,
while the propellants containing raolecular sieve and Amberlyst treated PBEP
failed within 10-90 days. Additional test data appear necessary to determine
the effectiveness of Norite treatment,

V) The surveillance data are masked by variability in the degree
of hydride surface attrition that occurs during propellant mixing, and that can
produce high gassing rates during cure and during an initial 100 day storage
period at 50°C.

(C) (4) The mass spectrometer analysis of the off-gases showed CO»,
CO, HCN and N7 to be the major species with the aluminized formulations at
60°C; at 50°C, CO2 and N3 remain as the dominant species, however, HF
now also appears in the spectra. In the aluminum hydride containing systems
the dominant species at 60°C are H2, CO, CO2, H20, HF and HCN with nitro-
gen appearing at lower concentration. At 50°C the dominant species are CO2,
CO, nitrogen and hydrogen. Hydrogen gas scavengers (Palladium on carbon,
COT) are effective in reducing hydrogen and HF concentrations at 50°C;

at 60°C the scavengers may increase hydrogen, and in sume cases CO2,
generation rates. Alon C can effect a significant increase in hydrogen gas
generation rate at 60°C while reducing CO production rates significantly at
50°C in the PCDE containing sample. The combination of gas analysis data
shows that with the AIH3 formulations, 60°C is too high a test temperature

to collect meaningful data, notably in the study of the effects of scavengers.

(C) (5) The analysis of the MTA data provides evidence that stability
and compatibility problems with PBEP are associated with the existence of
end-groups other than glyceryl or 2-methoxy-1,2-propylol ether groups.
Chains, or chain fractions containing thermally unstable end-groups (e.g.,
acetol or BEP-H) end-groups tend to degrade until 2-methoxy-1, 2-propane-
diol ether groups that are present as chain links become the new terminals.
In this process the BEP units degrade into low molecular weight fluorine
containing species, while the non-BEP units remain intact. As a consequence
the early spectra in the MTA show a high abundance of mass species attri-
butable to non-BEP units,

(C) The data suggest that both PBEP and PCDE might gain in
apparent stability by a moderate increase in the number of 3-methoxy-1, 2-
propane glycol ether chain links. An increase in the number of these chain
links would protect the polymer against excessive degradation in molecular
! weight as the initially present BEP-H type end-groups become eliminated.

-3a
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SECTION III

TECHNICA L EFFORT

(U) The Shell Development Company, manufacturer of PBEP, had been
investigating a number of processes for the clean-up of PBEP in an effort to
improve the neat thermal stability and to achieve consistent cure. The: mal
stability was checked by measuring the gas evolved in 100 hours at 80°C.
Based on their results, five samples of PBEP cleaned up by various pro-
cesses and including a sample of as-manufactured material (Series 111!1)
were selected for evaluation in a model AlH3 propellant formulation. An
Al-analog formulation was also used to obtain shelflife and gas generation
data that would more directly reflect the stability of cured PBEP with least
complications from propellant incompatibility.

(C) Based on these initial accelerated surveillance data, four more samples
of PBEP (9851 Series) were selected for more intensive study. These samples
were processed by combinations of clean-up steps that showed the most prom-
ise in the preliminary tests. This series included a sample that had been
treated with pyridine to effect conversion of the primary NF2 group into the
nitrile group.

1. ANALYTICAL RESULTS

(C) The analytical results that were obtained by Shell are summarized in
Tables I and II. The data show that the various treatments modify molecular
weight, functionality and thermal stability as determined at 80°C. Pyridine
treatment reduces the fluorine content by 30-35 percent with concurrent im-
provement in the 80°C thermal stability. Pyridine treatment also appears to
effect a reduction in OH functionality while the reduction in molecular weight
essentially reflects the loss in fluorine content.

2. PROPELLANT SURVEILLANCE TESTS

U) The various PBEP samples were evaluated in both aluminized and
aluminura hydride containing propellants whose formulations are quoted in
Table 1II. In the aluminum hydride formulations the gas scavenger (Ref 2)
composition constituted an additional variable.

(U) The initial sample series (Series 11111) was processed into propel=
lant using a 150 cc conicalsvertical Atlantic Research mixer, and the propellant
was cast into standard twosinch JANAF cubes, It was suhsequently found that
high shear conditions in this mixer affected varying degrees of particle attri=
tion which caused premature sample failure. Consequently tne propellant for

CONFIDENTIAL  icckwmo mmosursion commany




346-F

CONFIDENTIAL

n
=
~

]
[+ 4
[

[}
-
a,
~
Iz
<

Tww\ﬂov~|-:~

D98/06%1-I1111

d98/d6vIi-T1111

v98/V6FI-T11II11

L A's 5°¢ ¢°¢ €£°¢ 'S (VI8 4 [°s 9y 9'S
V/N 0°¢ 6°1 0°¢ 0°¢ 2°¢ 8°1 | A 8°I
V/N 1s0°0 250°0 150°0}s¥0°0 9¥0°04050°0 8¥0°0 290°0
V/N 0€6¢ OlLle 006¢€| OLeY 0s8¥%| 06S¢ ovey 069¢

8°1
1°09
V/N 5°G¢e 3°s¢ §°9¢| L°6¢ 6°8¢| €0V 9°8¢ L6t
v/N 2Ll L°91 2°L1] 6°S1 2°91| 1°91 ¥ 91 <91
V/N £t 0°¢ 2°gl 't ye] <'e 8°¢ "¢
v/N 6°L2 9°L? 8°LeZ} 1°9¢ 8°6¢| $°9¢ £°9¢ 0°9¢
23110N Jeydnp| 93taoN XEYINN
ags aevi 098 Oo6v1I| €98 déevi| v98 vevl
pPapp® jecoaeyd auexay Yitm
(% 1) LGO Yitm Yitss pajeaday vmumﬁ&muwhm judwijearJ oN
wDu sardureg nd,, sordureg V. sarduieg| aad1g ae[nd3oN| ‘yYI3ed I3ISEW

0S-L60T1

12,08 ® $I14 001/8/22
‘A3111qeIs [ewlIdyL

Kjrreuorjdoung
8 oor/ammba ‘HO
1yStopm Ie[nd3aoN

or3eyd N/J
CAN %
I %
N %
H%
2%
sisAleuy [ejudwald

zaqun) ajdureg

[TILI SATEAS ATANVS ‘VIVA TVOILATVNY

1 I1dVL

CONFIDENTIAL

LOCKHEEO PROPULSION COMPANY

PSS TTINETE )



AFRPL-TR-70-111

%F
Molecular Weight
Thermal Stability,
cc/g/100 hrs @ 80°C
@ 100°C

Functionality:

CONFIDENTIAL 46-F
Table II
ANALYTICAL DATA, SAMPLE SERIES 9851
-123A -125A -128 =135
(Pyridine)| (Amberlyst)| (Hexane Ppt)*| (Mol Sieve)
26.3
3080 3400 4560 3750
0.1 3.9 4.5 5.6
4,0
1.7
0.057

OH; Equiv/100 g

* All other properties similar to previous materials prepared the same way
(Shell Letter, 2 May 1969); -128 ~11111-149B, -86B; -135 ~11111-149A, -86A.
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Table III
. BASIC FORMU LATIONS
‘ PBEP TEST
1 2 3 4
PBEP 184wt %  18.4wt%  18.4 wt%  18.4 wt 9
DBP 13,5 13.5 13.5 13.5
; TDI 2.6 2.6 2.6 2.6
HT 0.7 0.7 0.7 0.7
| AP Type II 28.5 28.5 28.0 27.8
' AP, 8u 14.0 14.0 13,0 13.0
AlH3, doped/nBA -- 22.0 22.0 22.0
| (Lot B-7)
DBTDA 0.3 0.3 0.3 0.3
Al, H-5 22.0 oo -- -
. COT/DPA Int. Scav, -- -- 1,00 1,00
Alon C - -- -- 0.20
b COT : - -- 0.50 0.50
Integrated Scavenger:
@ R-45 22.26 wt %
| TDI 2.59
HT 0.12
g COT 30.00
{ DPA 10.00
Catalyst (Ref 2) 35.00
| DBTDA 0.50
Te

CONFIDENTIAL  ocxwana mnamussion commany




AFRPL-TR-70-111 CONFIDENTIAL 346-F

the subsequent tests were processed using a low shear vibrating blade mixer
and cast into two-inch elliptical tube specimens (Ref 3).

(U) The specimens were stored at 50 and 60°C under inert atmosphere
for periodic examination by X-ray (cracking); additionally the sample dimen-
sions were monitored to detect the onset of swelling (porosity formation, not
detectable by X-ray). Identical samples of the various propellants were used
to determine gas evolution rates (Subsection 3).

a. Sample Series 11111
(1) Sample Series 11111-86

(U) The results {failure times) of a first test series are sum-
marized in Figure 1. The samplea used in this series were processed in the
150-cc ARC mixer, and the early failure of many of the samples is attributed
to removal of the protective coating on the hydride as a result of high shear
mix conditions,

U) Of the aluminized systems only the specimen prepared with
untreated PBEP has failed to-date (350 days). In the aluminum hydride systems
the addition of gas scavengers caused a significant improvement in shelflife
with the exception of PBEP sample 11111-86A which failed in four days at 50°C.

(U) Additional samples were placed into 30°C surveillance, none
of these samples have failed to date.

(2) Sample Series 11111-146

(C) The results obtained with sample series 11111-146 which was
processed into propellant using a low shear vibrating blade mixer are summar-
ized in Figure 2. The low shear mixing eliminated the problem of premature
sample failure; however, overall stability did not seem improved. In part
this may be attributed to the omission of Alon C. Only with the samples con-
taining the molecular sieve treated PBEP was shelflife reduced by the addi-
tion of a hydrogen gas scavenger system (Pd/C, COT); with all other samples
the addition of the hydrogen gas scavenger again improved shelflife.

U) The propellant mechanical properties are quoted in Table IV.

’3) Conclusions, Series 11111

U) On the basis of these test data none of the various treatments
can be singled out as being the most effective. At the same time it is apparent
that the data are masked by variability in processing conditions (e.g., mix
viscosity) and, possibly, by differences in propellant mechanical properties.

-8-
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TABLE IV

MECHANICAL PROPERTIES CF PBEP/AIH3 PROPELLANTS

Lot Numbers (PBEP) ]
TT109-50 [T1111-149A [11111-149F [11111-149C [11111-149D)]

Stress/Strain [170.2/20 {182.7/21 119.0/20 132.2/20 147.0/21
(psi) (%)

-11-
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Differences in propellant mechanical properties have been shown to affect
shelflife and failure modes (Ref 4).

b. Series 9851 PBEP

(C) In a second test series the PBEP samples were subjected to a
single treatment rather than consecutive treatments, with the exception of the
pyridine treated material that was additionally passed through an Amberlyst
ion exchange resin.

) The corresponding propellant mixes were all processed with the
low shear vibrating blade mixer and cast into two-inch elliptical tubes. Suffi-
cient additional propellant was processed to provide material for the measure-
ment of gas evolution rates (Subsection 3). Both surveillance and gas evolu-
tion testing was conducted at 50 and 60°C.

(C) The propellant mechanical properties obtained with this series of
PBEP samples are summarized in Table V.

(1) 50°C Surveillance Test Results

(C) The results (failure times) obtained in the 50°C surveillance
test are summarized in Figure 3. None of the aluminized propellants have
failed to date (120 days). With the AlH3 propellants the samples containing the
Amberlyst and the Molecular Sieve treated PBEP failed prior to 100 days, and
gas scavenger addition, rather than improving shelflife, shortened the time to
failure. The samples are being kept under surveillance.™

(2) 60°C Surveillance

(C) For the purpose of obtaining a comparison with th< shelflife
capability of Al/TVOPA and AlH3/TVOPA containing propellants an additional
surveillance study was conducted at 60°C. The results are summarized in
Figure 4.

(C) A comparison between times-to-failure of the aluminized
samples and the mechanical property data that were obtained with the A1H3
containing systems suggests that the early failure of the samples containing
the hexane precipitated and the Amberlyst treated PBEP might be attributable
to poor binder strength.

U) Addition of gas scavengers improved shelflife with the pyridine treated
and the hexane precipitated samples, but had no beneficial effect with the
Amberlyst treated samples. The specimens containing molecular sieve treated
PBEP failed during cure. This may be attributable to adverse processing
conditions,

(C) * At the issue date of this report, A1H3 propellant samples containing tn:
hexane precipitatcd PBEP and the pyridine treated PBEP have passed close to
200 days storage without evidence of failure. Subsequent surveillance test

results will be quoted in the reports issued under Contract FO4611-69-C-0038.

al2-
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| TABLE V
3 MECHANICAL PROPERTIES OF PBEP-9851/A1H3 PROPELLANTS
9851-128 9851-125A 9851-123A 9851-135 |
Treatment — |Hexane ppt Amberlyst Pyridine Mol Sieve |

5 days @ 27°C {102.1psi/22% | 70.2psi/22.8%|105.3psi/21.8%]| 136.0psi/19.7%

10 days @ 27°C {113.1 /17.4 |106.6 /16.7 |[142.6 /20.2 |181.8 /15.5

-13-
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c. Conclusions

(C) The data indicate that rather subtle changes can be effected in the
PBEP structure that will affect both thermal stability of the material and com-
patibility with other ingredients. At the same time, rather minor changes in
the degree of AIH3 surface passivation, and related attrition effects (mixing)
can affect sample stability and shelflife quite drastically; moreover, these latter
effects can mask effects attributable to PBEP purity and stability.

(C) In overall stability the PBEP/Al and PBEP/AIH3 systems compare
favorably with TVOPA/Al and TVOPA/A1H3 systems of comparable NF2 content.
This is shown in Figure 5 and 6 (60°C data).

(C) As regards treatment preference, the combination of data shows
that in aluminized propellant, molecular sieve treatment and pyridine treatment
produce closely similar results (failure times), while Amberlyst treatment im-
pairs stability. In the aluminum hydride containing systems the hexane preci-
pitated material and the pyridine treated material appear to exhibit better
compatibility.

(C) Gas scavenger systems (Pd/C, Alon C) tend to improve shelflife
of the AIH3/PBEP systems quite markedly.

Uu) To arrive at a more quantitative assessment it would be necessary
to conduct a surveillance test program using a significantly larger number of
individually processed samples to account for the numerous variables that exist.
Duplicate samples from the same mix generally failed within a narrow time
range (2-5 days), failure being indicated by the first irdication of a sample
volume change.

3. OFF GAS ANALYSES

u) Samples of the AIH3 propellants prepared with the 9851 PBEP series
were used to determine gas evolution rates at 50 and 60°C, and for determin-
ing the time-temperature dependent changes in gas composition.

a. Gas Evolution Rates

(U) Micro-Taliani type manometers were used to determine gas
evolution rates.

(C) The gas generation data for the Al-analog propellant samples are
presented in Figure 7, and the data for the AlH3 control propellants are plotted
in Figure 8, The PCDE/Amberlyst-15 PBEP (9851-123A) is clearly the most
stable in the Al-analog formulation. The molecular sieve/one percent COT
PBEP (9851-125A) is the least stable. It is assumed that the gas generation
data for the Al-analog formulation reflects the stability of the PBEP.

«-16-
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Figure 7 Gas Generation: Al-Analog Propellant
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(C) No PBEP sample stands out with regara to gassing in the AIH3 formu-
lation. Possibly the Amberlyst-15/one percent COT PBEP is the least stable;
the 60°C data would suggest this. The gas generation data for the AlIH3 formu-
lation probably reflects the incompatibility among the propellant ingredients,
in particular PBEP/AlH3 interactions, rather than the stability ¢f the PBEP
per se. A detailed analysis is presented in the foilowing section.

u) Gas generation measuremerts for the AlH3 fermulation containing
two scavenger compositions are prusented in Figures 9 through 12, One
scavenger consisted of an integrated scavenger and COT. The second sca-
venger wac identical except for the addition of Alon C. The scavengers were
found to be effective at 50°C but ineffective at 60°C. The marked negative
temperature coefficient for the scavengers suggests that they will be very
active under ambient storage conditions Two data points suggest that the
addition of Alon C may have been beneficial. The scavenged formulation for
the hexane precipitated PBEP shows a peculiar behavior that has been ob-
served with R-18/TVOPA/AIH3/AP propellants; the small initial volumes of
evolved gas are completely absorbed by the scavenger. This pattern of
activity, which is under active investigation with the TVOPA propellant, is
thought to be due to an induction period associated with the hydrogenation
catalyst.

b. Off Gas Analyses

U) The gases evolved in the Taliani manometers were sampled
periodically and analyzed with a Perkin Elmer Model 270 mass spectrometer.”
It can be presumed that the off gases from the aluminized systems primarily
reflect slow PBEP degradation (PBEP thermal stability), while the off-gases
from the AlH3 propellants reflect PBEP/A1H3 compatibility and scavenger
action.

(1) Aluminized Propellants

(U) The analytical results that were obtained on the off-gases of
the aluminized propellants are summarized in Figure 13. At 60°C the domin-
ant gaseous products are CO2, HCN, CO and nitrogen, while at 60°C CO2
dominates with HF, HCN, CO and N3 being present in lesser quantities.

(C) The propellants containing the hexane precipitated and the
pyridine treated P3EP had the lowest rates of gas production with respe-t to
all epecies except carbon monoxide,

(U) There are significant variations in the temperature cceifi-
cients and also in the time dependence. For example, nitrogen gas generation
rates vary little with temperature and with time; on the other hand, CO2 con-
centrations increase both with time and temperature. This suggests that

* The authors wish to thank Mr. Berge Goshgarian of the Air Force Rocket
Propulsion Laboratory who ran a number of off-gas samples for use in the
high resolution mass spectrometer and helped in the identification of species.
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different mechanisms are involved, which, in turn, could be indicative of
different levels of residual impurities in all samples.

(2) Aluminum Hydride Propellants

U) The various PBEP materials were studied both with sca-
ve.:ger-free and scavenger-containing formulations, and in conformance with
the surveillance tests at both 50 and 60°C.

U) The combination of the data (Figures 14 - 18) suggests that
60°C, or even 50°C, is too high a test temperature for obtaining meaningful
data as the off-gas analyses reflect both stability and compatibility problems,
and since the temperature coefficients for the various underlying processes
seem to vary considerably.

(a) Effect of PBEP Treatment

(C) Figure 15 summarizes the data that were obtained with
the scavenger-free propellant samples. At 60°C the predominant gaseous
species are carbon monoxide, HF, hydrogen, CO2 and HCN, while H20 levels
vary significantly between samples. At 50°C the dominant species is CO2;
additionally, CO is formed to a significant extent with the sample containing
the molecular sieve treated material.

(C) It is noteworthy that the concentration of some gases in-
creases very little with time (e.g., nitrogen in all samples, H20 at 50°C),
which again is indicative of residual impurities and/or changes in mechanisms.
As with the aluminized propellants there is only a slight increase in the rate of
nitrogen production in going from 50°C to 60°C, while the temperature coeffi-
cients for the production of HF and CO appear to be quite large notably with the
samples containing the molecular sieve treated PBEP.

(b) Effect of Scavengers

(C) The scavenger systems that were evaluated are the Pd/
COT hydrogen scavenger and Alon C, the latter presumably acting as an HF
scavenger.

(C) The combination of data (Figures 16 - 19) shows that the
hydrogen scavengers become active in condensing hydrogen gas only as the tem-
perature is lowered; at 60°C this scavenger system appears to catalyze the de-
composition of PBEP or of PBEP impurities as indicated by high rates of H20
and CO production. High rates of hydrogen gas evolution associated with low
rates of HF production, suggest HF-AlHj interaction. In the propellant con-
taining the pyridinn treated PBEP hydrogen gas evolution at 60°C is further
enhanced by addition of Alon C.
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Figure 19 Effect of Scavengers and PBEP on Off-Gas Evolution:
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(C) Lowering the temperature to 50°C generally reduces

gas generation rates quite markedly, with CO2 and CO remaining as the domi-
nant species in essentially all cases. In contrast to the 60°C data, Alon C
addition tends to reduce gas generation rates at 50°C; this effect is particularly
pronounced in the rates of CO evolution with the pyridine treated material.

(3) Conclusions

The conclusions to be drawn from these gas analyses are as
follows:

®  For use in aluminized formulations, the hexane precipitated and
the pyridine treated PBEP appear best. With either material
only the CO) concentration increases markedly with time, which
is indicative of residual impurities that undergo slow oxidation
to CO,. It implies that further raffination of PBEP should en-
able use of propellant storage temperatures in excess of 60°C,

®  With the aluminum hydride containing propellants a test tem-
perature of 60°C is excessive; at this temperature the hydrogen
scavengers, rather than stabilizing the system, seem to be
catalyzing the decomposition of PBEP or PBEP impurities. At
50°C the scavenger systems start to become active; however, in
addition to hydrogen and carbon dioxide, i.e., gases that could
be scavenged, significant quantities of carbon monoxide and of
nitrogen are formed, that presently cannot be scavenged.

(C) At 50°C carbon monoxide formation is most pronounced with
the samples containing the pyridine treated PBEP in combination with Pd/COT;
there is a marked reduction in CO production if the sample additionally con-
tains Alon C. With the hexane precipitated materizl the situation is reversed.

4. MASS THERMAL ANALYSIS

(u) Off-gas analyses conducted with propellants, and by standard tech-
niques (Taliani manometric measurements combined with MS analysis), only
evidence the end-products of a complex series of chemical processes, con-
sequently, the data may prove of limited value in associating apparent
instability with the presence of specific materials or related impurities. On
the subject program the emphasis was upon the evaluation of various procedures
used to purify PBEP, and there was need to supplement the surveillance data
and the off-gas analyses by additional test data that would more clearly
identify the chemical changes brought about in the composition of the PBEP
samples as a function of sample treatment. The method that was used was the
Mass Thermal Analysis (MTA) technique.
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a. Description of Method

(L) Ti the mass thermal analysis method small (microgram guanti-
ties uf the materials are pyrolyzed in the immediate vicinity of the ionization
region of a time-of-flight mass spectrometer, and the composition of the de-
composition species is monitored by recording the full mass spectra at the
rate of 200 spectra/second while concurrently monitoring sample temperature.
In the present study, samnle heating rates of 80-150°C/second were used.

(C) Since the sample is present as a thin film, sample heating (linear
heating rate) to cause fractionation and pyrolysis is effected under vacuo,
and since the operation is conducted in the immediate vicinity of the ioniza-
tion beam, the technique provides information upon the primary species that
are produced (volatilized) and in a manner that enables the deduction of initi-
ating reaction kinetics. Moreover, since the spectral data acquisition rate
is high, one can arrive at a description of the sequence of thermochemical
events. For example, and to state some of the results at this point, in the
case of ''as received" PBEP, HF generation is rreceded by the generation

of mass m/e 45+. but paralleled by the generation of high molecular weight
(m/e ~200) species. The data thereby indicate that crude material coatains
low molecular weight materials that have undergone partial dehydrofluorina-
tion during frample work-up or storage. In the conventional analysis techni-
ques, by contrast, the identifiable products would in all cases be HF and
HCN.

U) The test samples were prepared by depositing the sample (14-17
micrograms) upon a platinur ribbon, the latter serving as the heating element
for pyrolysis. In all cases the samples which were received in methylene
chloride solution were stripped of solvent under vacuum in a rotary evaporator,
applied to the ribbon in the neat state, weighed on an electrobalance (accuracy
1 0.1 microgram) and inserted into the mass spectrometer. They were exposed
to the high vacuum of the spectrometer for 30-40 minutes prior to pyrolysis.

(U) The data reduction method is described in detail in the reports
issued under contract FO4611-68-C-0079 (Ref 1).

b. General Results
(1) Summary of Test Data

"o The thermal decomposition of both PBEP and PCDE proceed
via a scries of thermal events that produce different mass species as the
sample temperature is increased. This is shown schcmatically in Figure 20
using hexane precipitated PBEP as the example.

(U) Pyrolysis starts with the appearance of masses m/e 45, 43

at temperatures below 140°C (Frames 5-150). ihese mass species, in this
thermal region form a shoulder without distinct peak.
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(U) Subsequently a first distinct peak is formed by mass species
m/e 89, 143 and 196 ‘Group 1I, listed in decreasing order of intensity). These
species peak at 179°C (Frames 190-100). Immediately thereafter there is a
new peak that is formed at 183°C (Frames 195-205) by mass species m/e 71,
57, 59, 63, 87, 96, 103 and 105 (Group I1I, again listed in decreasing order of
intensity). Moreover mass m/e 45 peaks within this thermal region. The sub-
sequent peak at 187°C (Frames 205-210) is formed by mass species m/e 33,
66, 52, 43, 124, 92 and 75 (Group IV). Finally there is a rather diffuse peak
at 194°C (Frames 205-215) that comprises mass species mm/e 27, 47, 31, 41,
40, 54, 30, 44, 26, 39, 55, 61, 19, 82, 85 and 68. Mass species 20 and 29,
which together with mass species 45 form the envelope, also peak in this
region.

(C) With the PBEP samples the pyrolysis ends rather abruptly,
while with the PCDE samples various mass species continue to be produced for
quite some time (e.g., m/e 14,27,29, 30,43, 44). Moreover, there is less of a
distinction between thermal events with the PCDE; instead there are numerous
"bursts'' wherein series of mass species are being generated, some species
showing peaks at two different temperatures.

(C) A tabulation of the observed mass species and relative in-
tensities is given in Table VI. Also shown in this tabulation are tentative
structures. Since many of the tabulated species, however, can be presumed
to originate with different parents it is not possible to arrive in all cases at an
unequivocal structure assignment, The tabulation shows the qualitative differ-
ences in the pyrolysis products composition between PBEP and PCDE (pyridine
treated PBEP); in addition there were noticeable differences between the
various PBEP samples (Molecular Sieve treated, Amberlyst treated, Hexane
precipitated) that will be discussed in more detail,

(U) Table VII quotes maximum intensities for selected mass
peaks normalized to m/e 71 as a reference peak.* Table VIII quotes areas
under the time-~intensity peaks for the same m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>